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A. ABSTRACT

The aim of the proposed research as stated in the original proposal is to understand how
nanoscale laminates with optimal strength, ductility, and elevated temperature stability can be
engineered through the selection of component chemistry, component layer thickness, and

interfacial and grain boundary structure. The first effort is to develop computational tools to
model the deformation and fracture processes in nanoscale laminates based on a well-known
intermetallic system. The second effort is to apply the computational tools to at least one
additional laminate system.

B. RESEARCH OBJECTIVES

.• Fabricate nanoscale laminates based on the Ni-base y/y' system.
Perform detailed characterization to understand deformation and fracture processes, as a
function of layer thickness, interfacial structure, and crystal orientation.

• Develop computational tools based on the observed physical phenomena of dislocation
motion and fracture, so that strength can be predicted as a function of layer thickness,
interfacial structure, and crystal orientation.

* Fabricate and test the strength in at least one new material system. Candidate systems are
high temperature multilayer laminates based on Ir/Ir 3Zr or Ir/Ir3Nb, or novel material
laminates based on a shape-memory NiTi alloy.

• Assess the ability of the computational tools to predict the strength in one or more material
systems.

C. APPROACH

Nanoscale laminates based on the Ni-base y/y' system will be fabricated, characterized, and
tested mechanically, in order to provide the necessary information for development and
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calibration of computational tools. These tools will capture the relationship between
microstructure and mechanical properties. Finally, the computational tools will be applied to at
least one additional laminate system.

D. RESEARCH ACTIVITIES AND RESULTS
1. Synthesis, Heat-treatment, Characterization, and Testing
A new set of nanoscale laminates consisting of alternating layers of y-Ni(Al) and ordered y'-
Ni 3Al phases was produced by ultra-high vacuum magnetron sputtering. The samples have a
[001] texture along the interface normal and were produced with two values of bi-layer
thickness, A = 50 nm and 300 nm, and three volume fractions, fyNi(Al) = 0.4, 0.5, and 0.6. The
samples were then removed from the NaCl substrates, characterized with X-ray diffraction, and
tested using nanoindentation in an "as-is" condition, after a 673K heat treatment for 36 hours,
and after a 1073K heat treatment for 10 hours. Heat treatments were in an Argon environment.

Principal Result 1: The magnitude of internal'bi-axial stress in nanoscale laminates can be
changed by up to +100%/-75% via heat treatment.
Figure 1 shows that the stress magnitude, defined as the biaxial stress in y minus that in y', is
approximately 1 GPa for as-deposited, free-standing films. Heat treatment at 673K increases the
stress magnitude by approximately 100% for both A = 50 nm and 300 nm samples. Heat
treatment at 1073K produces a 75% decrease in stress magnitude for A = 300 mu samples. This
new result suggests that "as-produced" nanoscale laminates may have nonequilibrium misfit
dislocation densities that equilibrate only if a suitable heat treatment is applied.

Principal Result 2: The hardness of nanoscale laminates is increased by increasing the internal
bi-axial stress magnitude.
Figure 1 shows that the relative nanohardness of nanoscale laminates increases with stress
magnitude. The increase is more pronounced for A = 50 nm compared to 300 nm samples. The
result suggests a new strategy to optimize the strength of nanoscale laminates that has not been
reported by researchers in the thin film community. References [LI, G3, G12] provide
additional information related to Principal Results 1 and 2.

Relative Hardness

A = @300 nm
2 50 nm

Figure 1: Relative Hardness vs stress
magnitude (GPa) for y-Ni(AI)/y'-Ni 3A1

_ T- nanoscale laminates [LI].

0 1 2 3
Stress Magnitude (GPa)
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2. Characterization of Microstructural Changes During Heat Treatment
Figure 2 shows cross sectional SEM images of y-Ni(AI)/y'-Ni 3Al laminates with A = 300nm and
fy-Ni(AI) = 0.4, in "as grown" condition, after a 673K/36 hr heat treatment in Argon, and after a
1073K/10 hr heat treatment in Argon. Figure 3 shows corresponding images for
(A,fyNi(AI), heat treatment) = (300nm, 0.6, 1073K/10hr), (50nm, 0.5, 1073K/10 hr), and
(240nm, 0.5, 1373K/20 hr).

Principal Result 3: y-Ni(Al)/y'-Ni 3Al nanoscale laminates with A = 50nm to 300nm and volume
fractions fy,-Ni(Al) = 0.4 to 0.6 maintain a continuous laminate morphology in an Argon
environment after a 673K/36 hr heat treatment. After a 1073K/10 hr treatment, thermal
grooving of y' layers is observed, particularly for samples with smaller y' layer thickness;
solutionizing is observed at 100 to 200K below that predicted for bulk samples, depending on A
[LI, L2]. This novel result underscores a new, unique feature of y-Ni(Al)/y'-Ni 3Al nanoscale
laminates: the ability to undergo phase changes at temperatures significantly different from
phase diagram predictions.
References [L1, L2, G 11, G 12, G 16, G 18, G21, and G22] provide additional information related
to Principal Result 3.

(a) (b) (c)
Figure 2: Cross sectional scanning electron microscope images of y-Ni(A1)/y'-Ni 3A1 multilayers
with A = 300nm andfyNi(A1) = 0.4 (a) in "as grown" condition, (b) after heat treatment in Argon
at 673K for 36 hours, and (c) after heat treatment in Argon at 1073K for 10 hours.

(a) (b) (c)
Figure 3: Cross sectional scanning electron microscope images of y-Ni(Al)/y'-Ni 3 AI multilayers
for (a) A = 300nm,fyNi(AI) = 0.6 after 1073K/10 hr, (b) A = 50nm,fy-Ni(AI) = 0.5 after
1273K/0.5 hr, and (c) A = 2 40nm,fyNi(A1) = 0.5 after 1373K/20 hr.
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3. Modeling Macroscopic Room T Yield Strength of Nanoscale Laminates
Figure 4 shows design maps of the macroscopic biaxial tensile stress to yield both phases of a y-
Ni(A1)/y'-Ni3 A1 nanoscale laminate, as a function of the bilayer thickness A and volume fraction

fy-Ni(AI). The results are based on a continuum mechanics formulation of a composite laminate
with the assumptions that (1) local yield of individual layers is controlled by confined layer slip
of dislocations rather than source availability and (2) macroscopic yield occurs when the applied,
in-plane, biaxial stress reduced the compressive stress state in alternating layers to zero.

Principal Result 4: Continuum modeling suggests that decreasing bi-layer thickness is a limited
approach to increasing the tensile yield strength of nanoscale laminates, valid only down to a
critical A. Below that, decreasing the volume fraction of the compressively stressed phase (y') is
predicted to be most effective [L3]. This result suggests a new strategy by which the plastic
strength of multilayer thin films can be optimized.
References [G6, G9] provide additional information related to Principal Result 4.
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Figure 4: Predictions of the macroscopic biaxial yield strength X'y of y-Ni(A1)/y'-Ni 3 A1
nanoscale laminates as a function of bilayer thickness A and volume fraction fyNi(Al).

4. Discrete Dislocation Modeling of Room T Yield Strength of Nanoscale
Laminates

Discrete dislocation modeling described in previous progress reports has been continued to
model the biaxial yield strength of nanoscale laminates as a function of lattice parameter
mismatch and bilayer thickness [L4]. As an example, Figure 5 shows the predicted critical
resolved shear stress as a function of bilayer thickness for the Ag/Al system.

Principal Result 5: Discrete dislocation modeling supports the continuum modeling observation
that decreasing bi-layer thickness is a limited approach to increasing the tensile yield strength of
nanoscale laminates, valid only down to a critical A. The discrete modeling predicts that a
plateau in yield strength is reached with decreasing A simply because at sufficiently small A,
nanoscale laminates are unable to confine dislocations to individual layers during straining
[U].

4/13



Final Technical Report-Anderson-AFOSR Project F49620-01-1-0092

References [G5, G7, G14, G15, G4, G19, and G20] provide additional information related to
Principal Result 5.

4/[t
0.015 Figure 5: Critical resolved shear stress on

- Confined layer slip stress a { 111 } slip plane in the Ag/Al nanoscale
S Simulated yield stress laminate system as a function of individual

0.01 X Experimental yield stress layer thickness, h = hAg = hAl, normalized
by Burgers vector magnitude b. Filled
circles show the predicted value from the
discrete dislocation code with a core cutoff

0.005 parameter p = 0.05b, zero elastic modulus
mismatch, and stress-free lattice parameter

-ratio aOAg/a°AI = 1.009. Symbols 'x'
0 0 10 20 30 40 50 indicate experimental values.

layer thickness h,

5. Continuum Modeling of Thermal Grooving in Nanoscale Multilayers
During the past year, we developed an extension to the Thouless treatment of thermal grooving
of single films on substrates [L5], to treat thermal grooving in nanoscale laminates at elevated
temperature under a constant in-plane strain rate. Figure 6a shows the resulting predictions for
the evolution of a thermal groove in an aligned geometry and Figure 6b shows the corresponding
evolution in a staggered grain boundary geometry. Figure 7 shows a master plot of the time to
pinch off as a function of grain aspect ratio ho/LO and equilibrium grooving slope m.
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Figure 6: Evolution of the interface profile with position and time for the (a) aligned and
(b) staggered configurations. The vertical position is measured relative to the initial (flat)
interface. Material and geometric parameters are provided in Table 1.
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Table 1: Parameters used for simulations unless noted otherwise
Lo: 10-6 m ha(o) = h3(o): 10-6 m

)int: 1 J/m =2 (D6)•nt: 2" 10-22 m 3/s

mA = MB: 0.1 2a= gb: I - 10-29 m 3/atom
T: 600 K t,: 10-6/s

y= log (pinch-off)
To

•=0 Eff0
3 igne staggered T1 -3 -

10-2
2

1071

YMullins": increasing i
0 staggered

XMullins-1I I I> ho
0 0.2 0.4 0.6 0.8 1 X-

Mullins strain pinch-off
pinch-off

large Oa pancake needle small 0 B

Figure 7: Time to pinch off / phase at node B, as a function of initial grain aspect ratio
ho/Lo and grooving slope MB, for the aligned geometry with ioo = 0, and for the staggered
geometry with mA = mB and 4. a 0. Thinner black lines for ioo > 0 show numerical
results based on Eq. 19 and dashed curves show approximate results using Eq. 36.

Principal Result 6: Thermal grooves for nanoscale laminates should exhibit the same stability
as for micron-scale laminates, provided a microstructural parameter x representing the aspect
ratio of columnar grains and equilibrium grooving angle remains greater than a critical value
indicated in Figure 7. If the microstructural parameter x is less than the critical value,
nanoscale laminates will pinch off at 10-12 times that for micron scale laminates, since thekinetic
time scale for pinch-off scales as (in-plane grain size)4. Columnar grains with a needle-like
aspect ratio or shallow grooving angle are predicted to be more stable to pinch-off than grains
with a pancake-like aspect ratio or large grooving angle.
References [G 1, G21] provide additional information related to Principal Result 6.
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Indentation and Intra-Vascular Ultrasound to Measure Arterial Response, MRS Symp on
Cardiovascular Biomaterials, MRS Fall Meeting, November 28, 2000. (Glaser and Veress
are co-advised by the nominee and JF Cornhill; others are research collaborators).

40. Anderson PM: Deformation Mechanisms in Multilayered Materials, AFOSR Metallic
Materials Meeting, St. Louis, MO, Oct. 12, 2000.

41. Anderson PM, Li Z: A Peierls Analysis of the Critical Stress for Transmission of a Screw
Dislocation Across a Coherent, Sliding Interface, International Conference on Strength of
Materials, Asilomar, CA, Aug. 29, 2000. (Li is a grad student of the nominee).

2. Consultive and Advisory Functions to Other LabslAgencies:
1. Dr. Fraser has served on the Materials and Structures Panel of the USAF Scientific Advisory

Board, involving reviewing of the Materials and Structures programs of AFOSR and
Materials Directorate of Wright Facility, Materials Directorate (WL/ML). He has also
consulted for the Characterization Facility, Materials Directorate (WL/ML).

2. Dr. Anderson has continued to serve as a reviewer of proposals for DOD and NSF Agencies
and has interacted on multilayered systems with Dr. P. Hazzledine at UES, Inc., Drs. Tim
Foecke and Dan Josell at NIST, and Drs. Amit Misra, Richard Hoagland, and Terry Mitchell
at Los Alamos National Laboratory.

I. AWARDS RECEIVED

1. October 2001-June 2002. Bernd T. Matthias Fellow at Los Alamos National Laboratory.
(Only one recipient is selected per year, based on an internal review by the Materials Science
and Technology Division and approval of the Laboratory Director at Los Alamos National
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Laboratory. Past recipients include David Turnbull, Ronal Gibala, J David Embury, Rishi
Raj, C Barry Carter.)

2. July 21-26, 2002. Invited Speaker, Gordon Research Conference on Physical Metallurgy,
Plymouth, NH.

3. July 18-23, 2004. Invited Speaker, Gordon Research Conference on "Thin Film and Small
Scale Mechanical Behavior", Colby College, Waterville, ME.

4. April, 2005. Recipient, Lumley Award for Excellence in Research, College of Engineering,
Ohio State University. This award was made based on research from 2000 to 2005 which
includes research sponsored by this AFOSR project.

J. TRANSITIONS
1. YieldMap-vl.mcd: A downloadable version of the design software is offered at:

http://mse-pmal.eng.ohio-state.edu/-peterand/software/yield-mapv l.mcd
This software is a MathCad-based program that computes yield maps for A/B multilayer
thin film systems loaded in biaxial tension and which have a cube-on-cube epitaxial
orientation relation between A and B phases.

2. Shear.mcd: A downloadable version of software is offered at:
http://mse-pmal.eng.ohio-state.edu/-peterand/software/shear.mcd
This software is a MathCad-based program that computes the stress distribution around a
cuboidal inclusion that undergoes a shear transformation in an elastically-deforming matrix.

3. Direct.mcd: A downloadable version of software is offered at:
http://mse-pmal.eng.ohio-state.edu/~peterand/software/direct.mcd
This software is a MathCad-based program that computes the stress distribution around a
cuboidal inclusion that undergoes a direct (extensional) transformation in an elastically-
deforming matrix.

K. STUDENTS GRADUATED UNDER SPONSORSHIP FROM THIS PROJECT
1. Yao Shen, Ph.D. A Peierls Model of Dislocation Transmission Through Coherent Interfaces

and Embedded Layers. 2004.
2. Qizhen Li, Ph.D., Theory and Modeling of the Mechanical Behavior of Nanoscale and Fine-

scale Multilayer Thin Films. 2004.
3. Ziyong Li, M.S., The Critical Shear Stress for Transmission of a Peierls Screw Dislocation

Across a Sliding Interface. 2001.
4. Evan Sperling, Processing, Mechanical Properties, and Morphological Stability of

Ni(A1)/Ni3A1 Multilayered Thin Films. 2003.
5. Adrienne Lamm, Dislocation Modeling of Mechanical Properties of Nanolayered Composite

Materials. 2004.
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1. E.A. Sperling, Processing, Mechanical Properties, and Morphological Stability of

Ni(Al)/Ni 3AI Multilayered Thin Films, M.S. Thesis, Ohio State University, June 2003.
2. E.A. Sperling, R. Banerjee, G.B. Thompson, J.P. Fain, P.M. Anderson, and H.L. Fraser,

Processing and Microstructural Characterization of Sputter Deposited Ni/Ni3A1
Multilayer Thin Films, Journal of Materials Research, 2003, 18(4): 797-987.
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3. A.V. Lamm and P.M. Anderson, Yield Maps for Nanoscale Metallic Multilayers,
accepted Scripta Materialia (June 2003).

4. P.M. Anderson and Q. Li, Computer Modeling of Dislocation Motion in Fine-Scale
Multilayer Composites, in Modeling the Performance of Engineering Structural Materials
III (D.R. Lesuer, T.S. Srivatsan, and E.M. Taleff, ed), TMS, Warrendale, PA, 2002, 237-
251.

5. M.D. Thouless, Effect of Surface Diffusion on the Creep of Thin-Films and Sintered
Arrays of Particles, Acta Metallurgica et Materialia, 1993, 41: 1057-64.
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